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a  b  s  t  r  a  c  t

Direct  material  coupling  between  column  sections  in distillation  leads  to  energy  efficient  systems  like
the Petlyuk  column  but  with  more  difficult  control  problems  compared  to  conventional  multicomponent
distillation  sequences.  A  control  study  of  a four-product  extended  Petlyuk  column  operating  close  to
minimum  energy  is  reported  here.  We  study  the “ideal”  case  with  all  steady  state  degrees  of  freedom
available  for  control,  including  the  vapor  split  valves,  which  is required  to achieve  minimum  energy
eywords:
nergy efficient distillation
hermally coupled distillation
ontrol structure design
ivided wall columns

under  all  conditions.  Four  decentralized  control  structures  are  proposed  and  tested  against  a wide  range
of disturbances.  This  work  demonstrates  also  the use  of  the  graphical  Vmin tool  which  can  be  used  to
visualize  the  minimum  boilup  requirement  for Petlyuk  arrangements.

© 2012 Elsevier B.V. All rights reserved.
etlyuk column

. Introduction

Significant energy losses in conventional distillation sequences
esult from internal remixing. This can be reduced greatly by direct
aterial coupling and by doing easiest split first. Petlyuk et al.

1] proposed such a scheme to separate feed into three products,
sing a prefractionator. The prefractionator is designed and oper-
ted to do the easiest split first. A similar scheme was shown in

 patent by Cahn and DiMiceli [2].  Stupin [3] claimed significant
nergy and capital saving using thermally coupled arrangement
ith a prefractionator. Such prefractionator arrangements can also

e implemented in a single column shell using a dividing wall [4].
he German company BASF reports more than 100 industrial instal-
ations [5] of divided wall columns for separation of a feed into three
roducts.

The idea of Petlyuk to separate a mixture to three products
an be extended to separate a feed mixture into four products
n a “four-product extended Petlyuk column”. Such systems may
ffer further energy savings [6].  While several control studies have
een reported on three-product divided wall columns and four-
roduct Kaibel columns, there are no control studies reported on
our-product extended Petlyuk columns.

Wolff and Skogestad [7] did a steady state study and operability

nalysis on a three-product Petlyuk column and conclude that the
imultaneous specification of both impurities in the side product
ay  be infeasible. Further, the liquid and vapor split ratios between

∗ Corresponding author. Tel.: +47 735 94154; fax: +47 735 94080.
E-mail address: skoge@ntnu.no (S. Skogestad).

255-2701/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cep.2012.07.013
prefractionator and the main column should be manipulated to get
the optimal energy benefits. Niggemann et al. [8] conducted simu-
lation and experimental studies for separation of a mixture of fatty
alcohols into three high-purity products. They reported that the
heat transfer across the dividing wall can be a factor in design
and operation. Lestak et al. [9] argued that there may  be some
beneficial regions and the heat transfer across the dividing wall,
should help decrease the overall energy consumptions. In non-
beneficial regions however, the wall should be insulated. Mutalib
et al. [10] reported experimental studies conducted on pilot plant
and showed a two point control of the system. Ling and Luyben
[11] explained that the liquid split valve must be manipulated and
proposed a control structure with the use of four composition loops
with the liquid split controlling the heavy key at the top stage of
the prefractionator. Kiss and Bildea [12] gave some general control
perspectives on dividing-wall columns. Ling et al. [13] suggested
a control structure that can avoid remixing of intermediates lead-
ing to energy optimal operation. van Diggelen et al. [14] reported a
study on dividing-wall columns giving emphasis on the controlla-
bility properties and dynamic responses. Some more works on the
use of Model Predictive Control have been reported for divided wall
columns [15–17].

Olujic et al. [18] reported recent advances on column internals
for divided wall columns. Dejanovic et al.[5] reported simple design
procedures for separating multicomponent aromatic mixtures into
four products using energy efficient multiple partitioned dividing

wall arrangements.

In this paper we report the very first work on control of a four-
product extended Petlyuk column. We study, here the separation of
A (methanol), B (ethanol), C (propanol) and D (n-butanol) using the

dx.doi.org/10.1016/j.cep.2012.07.013
http://www.sciencedirect.com/science/journal/02552701
http://www.elsevier.com/locate/cep
mailto:skoge@ntnu.no
dx.doi.org/10.1016/j.cep.2012.07.013
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Table 1
Model details: four-product Petlyuk column.

Relative volatilities [A B C D] [7.1 4.43 2.15 1]
Number of stages in C1 30 + 30
Number of stages in C21 30 + 30
Number of stages in C22 30 + 30
Number of stages in C31 30 + 30
Number of stages in C32 30 + 30
Number of stages in C33 30 + 30
Feed flow rate (mol/min) 1
Feed composition Equimolar
Nominal purity of distillate (xD

A ) 99.55 (mol%)
Nominal purity of upper side product (xS1) 99.33 (mol%)
Fig. 1. Four-product extended Petlyuk arrangement.

our-product extended Petlyuk arrangement. For this case study,
he energy saving is about 50% compared to the conventional direct
nd indirect sequences [19].

Fig. 1 shows the schematic of a four-product extended Petlyuk
olumn. There are a total of six sub-columns making the Petlyuk
rrangement and are numbered as C1, C21, C22, C31, C32 and C33
or convenience. This arrangement can also be fabricated in a single

olumn shell using a double wall partition [19], as shown in Fig. 2.
hermodynamically, the arrangements shown in Figs. 1 and 2 are
quivalent. We  shall refer to the arrangement shown in Fig. 1 for
he rest of the discussion.

ig. 2. Dividing-wall implementation: four-product extended Petlyuk arrangement
n  single column shell using double wall partition.
B
Nominal purity of lower side product (xS2

C ) 99.56 (mol%)
Nominal purity of bottom product (xB

D) 99.62 (mol%)

In this study, we assume ten degrees of freedom (valves) avail-
able for composition control. The feed rate and feed conditions are
assumed given. The distillate and the bottoms flow are used for
level control of condenser and reboiler, respectively, while the con-
denser duty is used for the pressure control. We  assume adiabatic
column sections, i.e., no heat transfer across the walls.

Note that we have included three vapor distribution valves
(MV2, MV4  and MV6) as manipulated valves. This is unconventional
[20] but can be implemented in real systems and development
of vapor split valves for dividing-wall columns can be an area
for future research as this can help to attain minimum energy
usage when there are feed composition disturbances or changes
in product specifications. A prototype of vapor split valves was
demonstrated experimentally on a pilot plant recently [21]. Note
that the valves, MV1, MV2, MV3, MV4, MV5, MV6, MV8  and MV9
(see Fig. 1) do not specify direct molar flow rates, but are modeled
as split ratios in the dynamic model. For example MV1  in Fig. 1
manipulates ratio of liquid drawn out from sub-column C21 to the
total molar liquid flow in sub-column C21.

We  consider the separation of components A (lightest), B, C and
D (heaviest). However, note that the letters B and D are also used
to denote the bottom and distillate (top) products, respectively.
To reduce the confusion, we  will use subscripts for components
and superscripts for products. For example, xD

B denotes the mole
fraction of component B in product D.

2. Case study

The data is given in Table 1. The process is modeled in Mat-
lab using the simplifying assumptions of constant relative volatility
and constant molar flows in each column section. The four compo-
nents A, B, C and D have relative volatilities similar to the mixture
of methanol, ethanol, propanol and n-butanol. We  assume constant
pressure, negligible vapor holdup, a total condenser and equilib-
rium on all stages. We  assume linearized liquid flow dynamics.
Compared to the specified purities given in Table 1, a large number
of stages is assumed in each sub-column. This implies that the used
energy for a near-sharp separation is close to the minimum energy
using an infinite number of stages.

2.1. Steady state composition profiles

Fig. 3 shows composition profiles at nominal steady state condi-
tions of components A (methanol), B (ethanol), C (propanol) and D
(n-butanol) in different sub-columns of the Petlyuk arrangement.

In a Petlyuk arrangement, the easiest separation is carried out
first. The more difficult splits, i.e., the splits between the immediate

boiling components are carried out last. In the first sub-column
C1, the easy split is between A and D, whereas the intermediate
components, B and C, distribute in both products. The key impurity
in the top stage of sub-column C1 is D and the key impurity in C1
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in sub-columns above and below a side product may  be different.
This is equal to the difference in the heights of the peaks in the
Vmin diagram. A different vapor distribution in sub-columns can
be realized by drawing side products as both liquid and vapor or,
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Fig. 3. Steady state composition profiles i

ottoms is A. The feed to sub-column C21 is A, B and C. The easy
plit is between A and C, where B is allowed to distribute to both
nds of sub-column C21. The key impurity at C21 top stage is C and
he key impurity at C21 bottom stage is A.

The more difficult binary splits are done in sub-columns C31,
32 and C33. Sub-column C31 does the split between the two  light
omponents, A and B, sub-column C32 does the B/C split and sub-
olumn C33 does the C/D split.

. Vmin diagrams

Halvorsen and Skogestad [22] have developed a graphical tool,
he “Vmin” diagrams, to visualize the minimum energy requirement
or sharp and non-sharp separations. For separation of ideal mul-
icomponent mixtures the Underwood equations [23] are effective
or generating the Vmin diagrams, but the Vmin diagram may  also be
enerated for non-ideal mixtures using simulations with rigorous
hermodynamic models [24].

Fig. 4 shows the Vmin diagram for an equimolar A–B–C–D
ixture with a liquid feed. The y-axis shows the normalized
inimum boilup (V/F) and the x-axis shows the net prod-

ct withdrawal (D/F) in a conventional two-product column.
ince, we are studying near-sharp separations, the peak points
enoted by PAB, PAC, PAD, PBC, PBD and PCD are of interest. The
eak PAB gives the minimum vapor flow (V/F), required for
eparating A and B. Note that the corresponding product split
x-coordinate) D/F = 0.25, since the feed is equimolar. Similarly
oint PAD denotes the minimum vapor required to separate A
nd D.

Minimum energy is achieved when the prefractionator sub-
olumns C1, C21 and C22 are operated at their “preferred splits”,
enoted by points PAD, PAC and PBD, respectively. Thus, the inter-
al flows in the sub-columns can directly be obtained from
he Vmin diagram. This can be used for the short cut design
nd preliminary sizing of column sections [19,25].  In addition,
ith the minimum flows required for separation known, flows
n a more detailed dynamic model for the process can be
nitialized.

Halvorsen and Skogestad [26] and Fidkowski and Królikowski
27] showed that in a Petlyuk arrangement, the minimum energy
mole fraction

columns C1, C21, C22, C31, C32 and C33.

requirement to separate a multi-component feed is equal to the
“most difficult binary separation”.

Vmin,Petlyuk = max(VAB, VBC, VCD) (1)

Here, VAB, VBC and VCD are the minimum boilup required for
sharp separation of A/BCD, AB/CD and ABC/D in a conventional two-
product distillation column with A–B–C–D feed. Note that, VAB, VBC
and VCD depend on the feed conditions.

In Fig. 4, the PCD peak is the highest. This implies that the sepa-
ration of C and D is the most difficult binary split in terms of energy
usage. Thus, the minimum boilup required for sharp separation of
the multicomponent feed using a Petlyuk arrangement is equal to
the boilup required for this binary split (=VCD = V33

B in Fig. 4).
In a generalized Petlyuk arrangement, the minimum vapor flow
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D/F

Fig. 4. Vmin diagram showing minimum vapor flows in various sections required for
sharp separation of equimolar A–B–C–D feed.
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Fig. 5. Proposed control structures for three-product Petlyuk columns. In pre-
fractionator controller, XC can be a temperature controller [28] or a composition
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control the key impurity in the top and vapor (V) is used to control
ontroller for the key impurity in the least pure end [29,30],  i.e., heavy key xC at
1TOP [11,31] or, light key xA at C1BOT.

lternatively, by using a intermediate heater or cooler between
ub-columns. In this study, only liquid products are drawn and
nternal flows in sections C31 and C32 are recalculated for this more
ractical design. This modification does not lead to any additional
nergy requirements for a given separation, but it may  allow for
over-purification” in some sections.

. Control structures for three-product Petlyuk columns

Before we discuss the control structures for the four-product
etlyuk column, we present a short note based on the works pub-
ished by previous workers [11,28–31] on the control structure
esign of three-product Petlyuk column. Fig. 5 shows a general con-
rol structure for the three-product Petlyuk column with a ternary
eed of A, B and C for the conventional case when the vapor split is
ot used for control.

To achieve the desired purity of the side stream (S) in the main
olumn, the A/C split in the prefractionator (C1) must be controlled
o avoid that too much C goes in the top or too much A goes in
he bottom. The specifications for the split in the prefractionator
maximum values for xC at C1TOP and xA at C1BOT) are indirectly
etermined by the purity specifications for the side stream (S). With

 fixed vapor split (RV) one cannot control both at the same time,
hich is why Christiansen [29] and Halvorsen and Skogestad [30]
ropose to control the key impurity in the least pure end. Ling and
uyben [11], Kiss and Rewagad [31] propose to control xC in the top
f the prefractionator, which will be the best policy provided the
op is the least pure end (i.e., when breakthrough of component A
n the bottom of the prefractionator (C1) is not a problem).

We can now discuss the control of the final products (D, S, B)
n the main column. For the distillate (D) and bottoms (B) product

t is usually simple. These products have only one impurity each
the amount of B component), so for these we simply control the
mpurity (xB in distillate (D) and xB in bottoms (B)). However, for
 and Processing 67 (2013) 49– 59

the side stream S, there are two  impurities (components A and C),
and we  do not have enough degrees of freedom to control both.

One solution is to control the more “difficult” of the two and
let the other be over-purified. For example, if the B/C split is more
difficult than the A/B split, then one should control the amount of
C in the side stream (xS

C). This is proposed by Ling and Luyben [11]
and if we  look at the vapor–liquid equilibria data of the compo-
nents they studied, then we indeed find that toluene (B)/o-xylene
(C) is the more difficult separation. However, what would happen
if the feed conditions change so that the benzene (A)/toluene (B)
split becomes the difficult one and we  get too much A in the side
product? To avoid this, we would need to increase the vapor flow in
the top section C21, and since the vapor flow is the same in sections
C21 and C22 we would get excess vapor in the bottom section C22.
We resolve a similar issue in the four-product Petlyuk column by
our proposed decentralized control structures described below.

5. Proposed control structures for the four-product
extended Petlyuk column

A systematic design procedure [32] for plant-wide control struc-
ture should have emphasis on the overall economic objective. For
this study we use the following general economic objective [33]:

J = cost of feed − value of products + cost of energy (2)

Fig. 1 shows the manipulated variables MV1, MV2, MV3, MV4,
MV5, MV6, MV7, MV8, MV9  and MV10 used in designing control
structure. The other manipulated variables not shown in Fig. 1 are
distillate flow rate (D), bottoms flow rate (B) and condenser duty.
They are used to control the liquid level in condenser and reboiler
and, for vapor inventory control, respectively.

In this work, we use the six degrees of freedom in the prefrac-
tionator sub-columns C1, C21 and C22 to control the key impurities
at their top and bottoms trays, to prevent them to escape as impuri-
ties in successive the sub-columns and hence in the final products.

Assuming all the products are about equally priced and that the
price of energy is high, the final product purities are the active con-
straints as discussed by Skogestad [33]. In addition one may  have
constraints on individual impurities for side products. This leaves
four degrees of freedom (MV7, MV8, MV9  and MV10) to control the
“main” column, i.e., the sub-columns C31, C32 and C33. A multivari-
able controller would get even better performance, but our main
objective is to show the feasibility, even with a simple structure.

In this work, we consider four decentralized control structures
and evaluate their control performance for a wide range of distur-
bances like feed rate, feed compositions changes and feed vapor
fraction.

The four control structures are named CS1, CS2, CS3 and CS4 for
convenience. Simple decentralized proportional-integral (PI) con-
trollers are used. The complete list pairing of controlled variables
and manipulated variables used in the control structures are shown
in Table 2.

Logarithmic transformation of compositions is used to reduce
the effects of non-linearities [33,34]. Therefore, in control struc-
tures CS1, CS2 and CS4, controlled composition variables are
actually ln xi, where xi is the key impurity being controlled.

5.1. Control structure 1 (CS1)

In control structure 1 (CS1), we  implement the basic two point
LV structure [33] on each sub-column where reflux (L) is used to
the key impurity in the bottom. For example, in sub-column C1
(see Fig. 6), the key impurity on top tray is D (n-butanol) which is
controlled using liquid reflux valve MV1.

skoge
Sticky Note
MISPRINT: This figure should of course be of a 3-product Petlyuk column... (see PhD thesis of Dwivedi, p. 108)
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Table  2
Pairing of manipulated variables with controlled variables in the four control
structures.a,b ,c ,d , .e

MVb Controlled variable

CS1c CS2c CS3 CS4c

MV1  xD
a at C1TOP xD at C1TOP TC1

12
d xD at C1TOP/TC1

12
,e

MV2 xA at C1BTM xA at C1BTM TC1
49 xA at C1BTM/TC1

49
,e

MV3  xC at C21TOP xC at C21TOP TC21
19 xC at C21TOP/TC21

19
,e

MV4 xD at C22TOP xD at C22TOP TC22
18 xD at C22TOP/TC22

18
,e

MV5  xA at C21BTM xA at C21BTM TC21
48 xA at C21BTM/TC21

48
,e

MV6  xB at C22BTM xB at C22BTM TC22
51 xB at C22BTM/TC22

51
,e

MV7  xB in condenser xB in condenser TC31
12 xB at C31TOP/TC31

12
,e

MV8  xC at C32TOP xC at C32TOP TC32
10 xC at C32TOP/TC32

10
,e

MV9 xD at C33TOP xD at C33TOP TC33
47 xD at C33TOP/TC33

47
,e

MV10 xC at reboiler xC at reboiler+ TC31
56 xC at reboiler +

xB at C32BTM+ xB at C32BTM+
xA at C31BTM xA at C31BTM

a x: mole fraction; subscripts A: methanol, B: ethanol, C: propanol, D: n-butanol.
b MV: manipulated variable.
c Logarithm of x is used as controlled variable in CS1, CS2 and CS4; for example

ln(xD) at C1TOP is paired with MV1  in control structures CS1, CS2 and CS4.
d T: tray temperature; superscript: column section; subscript: tray number (num-
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c

C
f
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5

i
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ered from top to bottom).
e Temperature setpoints of slave controllers corrected by master composition

ontroller.

At optimal (minimum energy) operation, sub-columns C31 and
32 have excess vapor for fractionation (V > Vmin) at the nominal
eed conditions, thus a one-point control in these sections is suf-
cient [33]. Sub-columns C1, C21, C22 and C33 should be at their
inimum vapor conditions (V = Vmin), therefore these column sec-

ions have two-point control.

.2. Control structure 2 (CS2)
Structure CS2 is identical to CS1, except that for the loop involv-
ng the boilup (MV10). Note that in CS1, A (methanol) composition
t the C31 bottom and B (ethanol) composition at C32 bottom are
ot controlled. Thus for certain disturbances, these light keys can

Fig. 6. Schematic of control structure 1 (CS1).
Fig. 7. Schematic of control structure 2 (CS2).

escape into the upper side product (S1) and lower side stream (S2)
as impurity. This possibility is eliminated by ensuring that there
is sufficient boilup for separation in the column sections C31 and
C32. A simple way to ensure this, is to pair the boilup, MV10 (see
Fig. 7) with sum of the light impurities at C31 bottom stage, C32
bottom stage and the C33 bottom stage (reboiler). Because the sum
of the light keys is controlled with the boilup (MV10), there may  be
a small offset in the product purities.
Fig. 8. Schematic of control structure 3 (CS3).
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Table 3
SIMC tuning parameter (�C) used in the four control structures.a

Loop CS1 CS2 CS3 CS4a

MV1  5 min 5 min 5 min  4 min
MV2 3  min 3 min 3 min  4 min
MV3 5  min 5 min 5 min  4 min
MV4  5 min 5 min 5 min  4 min
MV5  3 min 3 min 3 min  8 min
MV6  3 min 3 min 3 min  8 min
MV7  20 min 20 min  5 min  12 min
MV8 20  min 20 min 5  min 8  min
MV9 20  min 20 min  5 min  8 min
MV10 5 min 5 min 3 min  5 min

rate disturbance and the purities of four products can be restored
like CS1. Unlike CS1, the purities of all the products including the
upper side product (xS1

B ) can be restored for all the feed composition

Table 4
Summary of closed-loop response using different control structures.a,b , .c

Disturbancec CS1 CS2 CS3 CS4

Feed, +10% OK OK OK OK
zF

1 (mol% ) = [20 30 25 25] OK OK OK OK
zF

2 (mol% ) = [20 25 30 25] OK OK OK OK
zF

3 (mol% ) = [20 25 25 30] OK OK Fail OK
zF

4 (mol% ) = [25 20 30 25] OK OK OK OK
zF

5 (mol% ) = [25 25 20 30] Fail OK Fail OK
zF

6 (mol% ) = [25 20 25 30] OK OK Fail OK
+20% feed vapor fraction Fail OK Fail OK
xB in condenser, +5% OK OK – OK
xS1

C , +5% OK OK – OK
xS2

D , +5% OK OK – OK

a

Fig. 9. Schematic of control structure 4 (CS4).

.3. Control structure 3 (CS3)

This structure uses temperatures only, thus the idea is to infer
ompositions from temperature, which is not unique for multicom-
onent mixtures (see Fig. 8). The controlled variables are a sensitive
tage temperature in the stripping and rectifying sections of sub-
olumns C1, C21, C22 and C33, respectively (see Table 2 for details).
ote that, there is only one temperature control loop in columns
31 and C32.

.4. Control structure 4 (CS4)

This is a modification of CS3, with the addition of several outer
omposition loops. The temperature setpoints of slave temperature
ontrollers are set by master composition controller. The master
omposition loops control the same key impurities as in structures
S1 and CS2. For example, in sub-column C1, the setpoint of the top
emperature controller is set by a master composition controller
hat controls the D (n-butanol) at top stage of column section C1. In
ddition, a modification same as the structure CS2 is that, the boilup
see Fig. 9) controls sum of the light impurities at C31 bottom stage,
32 bottom stage and the C33 bottom stage (reboiler).

. Tuning

The tuning of the decentralized control structures was done
sing the SIMC tuning rules [35]. Because of the mainly sequen-
ial sequence of the columns, the controllers in the prefractionator
ub-columns (C1, C21 and C22) are first closed. This is followed by
he controllers in main column (C31, C32 and C33). Step changes
n manipulated variables are made to identify the input–output
teady state gain and dynamics. Most of the responses have only

 small effective delay. The SIMC tuning factor, �C was selected to
et a smooth response (see Table 3).

. Closed-loop simulation results
The proposed control structures were simulated with distur-
ances in feed rate, feed composition, feed vapor fraction and as
ell as product composition setpoint changes. The performance
a �C for the master composition controllers; �C for slave temperature controllers
is  same as in CS3 but without integral action.

is analyzed by considering the response in the final product com-
positions as well as product flows (D, S1, S2 and B) and energy
usage (V). The minimum theoretical boilup (Vmin) required for sharp
separation, for a new feed disturbance is also shown in the fig-
ures. Table 4 shows the summary of closed-loop responses using
different control structures.

7.1. Performance of CS1 and CS2

Fig. 10,  shows the closed-loop response for various feed dis-
turbances, in the sequence as listed in Table 4. For a feed rate
disturbance of +10% (t = 0, Fig. 10), all the product purities are
restored and the molar flows of products increase from a nomi-
nal flow rate of 0.25 mol/min to 0.275 mol/min. This is followed by
various feed composition disturbances.

At t = 7200 min, we give changes in feed composition of com-
ponents C (propanol) and D (n-butanol). The product purities of
upper side product (xS1

B ) deteriorate significantly and shows a long
settling time. A similar deterioration in the product purity of S1 is
seen in the figure at time, t = 9600 min, for a disturbance affected
by increasing the vapor fraction of the feed by 20%. As explained in
Section 2.1, the two side products have two key impurities. Since
the light key on C31 bottom tray is not controlled, it can leak into
the side product 1 (S1) for certain disturbances. These responses are
discussed in more detail later in Section 8.1.  Fig. 11 shows the per-
formance for setpoint changes of +5% in the heavy keys of products
D, S1 and S2 (at t = 0, 1200 and 2400, respectively) using CS1.

Fig. 12 shows the closed-loop response using CS2 for a feed
rate and feed composition disturbances. At t = 0, we give a feed
OK: closed-loop stable and purity of all products restored.
b Fail: closed-loop stable but purity of upper side product is not maintained (xS1

B
dropped considerably).

c Nominal feed rate: F = 1 mol/min
Nominal feed composition, zF (mol%) = [25 25 25 25] (equimolar).
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Fig. 10. CS1: closed-loop results for feed disturbances. Purity of upper side product
(xS1

B ) drops at time 7200 and 9600 (not acceptable).
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Fig. 11. CS1: closed-loop results for setpoint changes.
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Fig. 12. CS2: closed-loop results for feed disturbances.
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Fig. 13. CS2: closed-loop results for setpoint changes.

disturbances. In Fig. 13,  we  show a +5% composition setpoint
changes in the heavy keys of products D, S1 and S2.

7.2. Performance of CS3 and CS4

Fig. 14 shows the response for a feed rate increase by 10%, at
t = 0. All the product purities are restored and the molar flows of
products increase from a nominal flow rate of 0.25 mol/min to
0.275 mol/min. Since we are studying a multicomponent separa-
tion, for feed composition changes, temperature control alone may
not be sufficient for sharp separation. For example, the closed-
loop response for a feed composition disturbance in components
A (methanol) and D (n-butanol), at t = 3600, there is a large deteri-
oration in the product purity of upper side product (xS1

B ). For this
disturbance, the energy usage is more than the “minimum or Vmin”.
There is a similar deterioration in purity of S1 for the feed vapor
fraction disturbance at t = 9600, for which the energy loop decreases

the boilup, less than the Vmin.

The control structure CS4 uses composition/temperature cas-
cade controllers. Note that unlike the response using structure CS1
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Fig. 14. CS3: closed-loop results for feed disturbances. Purity of upper side product
(xS1

B ) drops at time = 3600, 4800, 6000, 7200 and 9600 (not acceptable).
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Fig. 15. CS4: closed-loop

see Fig. 10)  and structure CS3 (see Fig. 14), purity of all the prod-
cts can be restored after initial transient. Fig. 15 shows that all the
isturbances under study can be rejected and product purities are
estored. Similarly, Fig. 16 shows composition setpoint changes in
roducts D, S1 and S2.

. Discussion

.1. Impact of feed disturbances and the Vmin diagram
As discussed in Section 7.1,  the closed-loop responses were
table for all disturbances using CS1. However, for a feed compo-
ition disturbance with 20% C (propanol) and 30% D (n-butanol),
lthough the response was closed-loop stable, the purity of
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ts for feed disturbances.

upper side product (xS1
B ) deteriorated considerably (see Fig. 10,

at t = 7200 min). A similar deterioration in the purity of upper
side product (see Fig. 10,  at t = 9600 min) is seen when the vapor
fraction was increased by 20%. This can be explained using the
“Vmin” tool.

Fig. 17 shows the Vmin diagram for nominal feed mixture, in solid
lines. As explained in Section 3, the minimum boilup for sharp sep-
aration is set by the “most difficult binary split”. This is denoted
in Fig. 17 by peak points PAB, PBC and PCD. For the nominal feed,
the peak PCD is highest. This implies that the separation of C/D

is the most difficult. For separation of this feed using the Petlyuk
arrangement, the minimum boilup is set by this split.

At an operating point close to minimum energy, the sub-column
C33 (doing C/D split) is at the limiting reflux while sub-columns C32

2400 3600

x
B
S1 x

C
S2 x
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V

lts for setpoint changes.



D. Dwivedi et al. / Chemical Engineering and Processing 67 (2013) 49– 59 57

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

D/F

V
/F

P
AC

P
AD

P
BC

P
BD

P
CD

V
min

 = V
AB

 = 1.63

V
min

 = V
CD

 = 1.21

P
AB

zF=[0.25 0.25 0.20 0.30] zF=[0.25 0.25 0.25 0.25]

Fig. 17. Vmin diagrams: nominal feed composition, zF (mol%) = [25 25 25 25] (solid
l

a
t
c
s
B
p
r

p
m
h
c
b
p
f
p

g
i
A

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

D/F

V
/F

P
AB

P
BC

P
CD

qF=0.8 qF=1

P
AD

P
AC P

BD

V
min

 = V
AB

 = 1.275 − 0.2 = 1.075

V
min

 = V
CD

 = 1.21

In a multi-component separation, the setpoints of temperature
ine)  zF (mol%) = [25 25 20 30] (dashed line).

nd C31 have some excess reflux. Because the sub-column C33 has a
wo point control in structure CS1, for any disturbance that does not
ause change the order of these peaks, structure CS1 can give pure
ide products. In other words, a disturbance that may  cause A/B or
/C split to demand more boilup that the C/D split, the upper side
roduct (S1) or the lower side product (S2) may  become impure,
espectively.

Fig. 17 shows the Vmin plot (in dashed line) for a new feed com-
osition with 20% C and 30% D. Now, peak PAB is highest, which
akes the A/B separation the most difficult split. The structure CS1

as only one point control of sub-column C31. There is an insuffi-
ient boilup for a A/B separation and A (methanol) escapes from the
ottom tray of column section C31, to contaminate the upper side
roduct (S1). The similar reasoning can be given for a feed vapor
raction disturbance. See Fig. 18,  there is a change in the order peak
oints, resulting in the drop in the purity of upper side product (S1).

For the disturbances leading to changes in the peaks in Vmin dia-

rams, a maximum-select controller with boilup can be used to
mplement a two point control in sub-columns C31, C32 and C33.
lternately in CS2 and CS4, we propose a single controller that pairs
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boilup with the sum of the composition of light impurities at the
bottom stages of the sub-columns C31, C32 and C33.

8.2. Temperature control

The control structures CS3 and CS4 use temperature controllers.
The most sensitive tray temperature corresponding to a manipu-
lated variable is chosen as the control variable. The manipulated
variables are perturbed in manual mode from steady state to iden-
tify the sensitive tray temperatures. Fig. 19 shows the effect of 1%
change in reflux (MV1) to sub-column C1. The first plot shows the
difference in the temperature of sub-column C1 from the initial
state to the new steady state after perturbation. Tray 12 (T1

12) is
clearly the most sensitive. The second plot shows the dynamics of
tray temperature 12 of sub-column C1. This stage temperature (T1

12)
is paired with MV1, and tuned for a good closed-loop response.

The control structure, CS3 uses temperature control alone.
controllers should be changed for the feed composition distur-
bances. Figure (see Fig. 14,  at t = 3600 min) shows the regulatory
response using CS3 when the composition of the components A
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x. (B) Column C1, tray 12 temperature (T1
12) for −1% change in reflux to C1.
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Fig. 20. Regulatory response using CS3 and CS4 for a feed compositi

methanol) and D (n-butanol) in feed is changed. The purity of upper
ide product (xS1

B ) drops considerably. As temperature setpoint of
he controller is constant, a significant amount of A (methanol)
scapes the sub-column C21 bottoms and appears in upper side
roduct (S1) as impurity.

For a feed composition change from a nominal equimolar feed
o one containing 20% A and 30% D, Fig. 20 shows the composition
f A (methanol) at the bottom tray of sub-column C21 using control
tructures CS3 and CS4. The second subplot shows the temperature
f tray 48 in C21, which is paired with manipulated variable MV5.
n structure CS4, the setpoint of the slave temperature controller is
orrected using a master composition controller, which controls A
methanol) at the C21 bottom stage at its nominal value. Any key
mpurities escaping from sub-columns C1, C21 and C22 may  make
he final product impure. However for feed rate changes with fixed
omposition, the temperature control alone may  be sufficient.

.3. Composition control

The prefractionator “sub-column” C1 separates the components
 and D. We  thus control n-butanol, xD (heavy impurity) in the top

or more precisely in the liquid on the top stage) and methanol, xA
light impurity) in the bottom liquid product. The optimal purities

ay  vary and/or be difficult to find, but since this is an easy separa-
ion and we assume a relatively large number of stages. It will not
ost much energy to over-fractionate, so it is suggested to set the
etpoints for xA and xD at low values (for example, 10−4). Similarly,
n sub-column C21 we control the key components A (methanol)
nd propanol (C), and in column C22 we control key components B
ethanol) and D (n-butanol). Again, the setpoints for these may  be
et to low values, because the separations are expected to be easy
ompared to the number of stages.

For the sub-columns C31, C32 and C33, with the four end prod-
cts, the choice on control variable is more difficult. For the top
hree products (D, S1 and S2), we suggest to control the correspond-
ng heavy key impurity (xB, xC and xD, respectively) at the top stage
n each sub-columns, by manipulating the liquid reflux into these
ub-columns. The setpoints for these impurities are set by prod-
ct specifications or by optimization. Three light key impurities

ow remain uncontrolled; namely xC in the bottom product (B),
B in the lower side product (S2) and xA in the upper side product
S1). However, these three impurities cannot be controlled inde-
endently [7] because they are all determined by the boilup (V),
F (mol%) = [20 25 25 30] on prefractionator column (C21) separation.

which sets the vapor flow in the sub-columns C31, C32 and C33.
The standard solution to this is to have three composition con-
trollers (and three setpoints) with a max-selector that implements
the largest controller output (boilup). This will imply that two of
the products are over-purified. Alternatively, we  propose a simpler
solution with only one controller, which is to control the sum of
the impurities, ln(xA + xB + xC). The setpoint of this sum can then
be adjusted to achieve the desired purities of the “limiting” prod-
uct. Notice that when the boilup is used to control the sum of the
light keys (in control structures CS2 and CS4), for the disturbances
making A/B becomes the most difficult split (at time = 7200, 9600
in Figs. 12 and 15), the bottom product gets over-purified, while
other products are at their specifications.

There may  also be a possibility of infeasibility in the setpoints
of the key impurities in the two-point control of sub-columns. But
this is eliminated by the choice of large number of stages. Another
problem using composition control of keys at the column ends with
composition pinch zones is that, the steady state gain for the corre-
sponding manipulated variable can be nearly zero and there may be
strong non-linearity effects as also discussed by previous workers
[36,37]. Therefore, their control using a feed back controller can be
impossible. For sub-columns with limiting internal flows, there are
no composition pinch zones at the ends and consequently, there is a
large steady state gain with the manipulated variables. Therefore,
composition control is feasible with a feedback controller. How-
ever, in the sub-column C32 because of excess internal vapor and
liquid flows (see Fig. 3), there is a long pinch in the stripping sec-
tion. B (ethanol) at C32 bottom tray was  not chosen as a controlled
variable, because of severe non-linearity effects. A composition on
a sensitive tray and not a tray in the pinch zone can be a better
candidate control variable.

9. Conclusions

In this paper, we  propose simple decentralized control struc-
tures for minimum energy operation of the four-product Petlyuk
column arrangement shown in Fig. 1 or, its equivalent arrangement
as shown in Fig. 2.

The proposed composition control scheme CS2 is shown in

Fig. 7. It requires composition measurements or estimates for
most internal and external flows in the column. If these compo-
sition measurements are not available, one may  use the control
structure CS4 in Fig. 9, where the inner temperature loops are
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ufficient to stabilize the operation. The outer cascade composi-
ion loops are required in order to maintain product compositions
nd achieve minimum energy operation. The three prefractionator
olumns perform three easy splits (A/D, A/C and B/D), and the corre-
ponding six key impurities may  usually be controlled at low values
ithout a noticeable increase in energy consumption. The remain-

ng four degrees of freedom are used to control the three difficult
plits (A/B, B/C and C/D) in the main column. We  propose to control
he amount of heavy impurity in the three light products (D, S1, S2)
y adjusting the three liquid flows into the corresponding sections.
oilup (V) is then left to control the light impurity in the three heavy
roducts (S1, S2 and B), and, in accordance with the Vmin-diagram,
e propose to control the most difficult split, for example, by using

oilup to control the “maximum” of the three impurities (control
tructure, CS4) or their sum (control structure, CS2). This will result
n “over-purification” of two of the products, but this will not gen-
rally increase the energy consumption because, as known from
he Vmin-diagram, we will optimally have excess energy in two  of
he sections.

It may  be possible to simplify the control structure by fix-
ng some of the manipulated variables for example, some vapor
plits, for a feed with a reasonably steady properties or when the
roduct purity specifications are relaxed for some of the products.
his should be investigated in detail for various feed mixtures and
equired purity specifications.
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